The application of Ibl's duplex diffusion layer model to the analysis of mass transport in pulse reverse plating with bipolar current pulses has been investigated. Although originally proposed to describe normal pulse plating, Yin has recently extended Ibl's model to include pulse reverse plating. Using the expressions derived by Yin the pulse limiting current density was determined over a wide range of pulse plating conditions, and then compared to values calculated using more accurate numerical solutions. In general, there was good agreement between the two approaches which demonstrated the essential validity of Yin's extension to Ibl's original model.
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Introduction
Pulse plating has been used extensively in the surface finishing industries to deposit a wide range of materials including metals, alloys, composite materials and semiconductors. [1] [2] [3] [4] [5] By careful choice of the pulse parameters it is possible to influence the mass transport, kinetics and electro-crystallisation aspects of the deposition process and thereby obtain materials with enhanced characteristics. Theoretical and experimental aspects of pulse plating were reviewed in 1986 in a book edited by Puippe and Leaman 1 and this has been recently updated by a monograph by Hansal and Roy 2 in 2012. Additionally, a number of useful review articles on the subject of pulse plating are also available. [3] [4] [5] A critical issue in DC or pulse plating is evaluating the mass transport of reacting species to the electrode surface as this determines the maximum rate at which plating can occur 6 and can also influence the current distribution. 7 
Background
Before discussing the various mass transport models in detail, it is necessary to define the relevant pulse parameters for both normal pulse plating with rectangular unipolar pulses ( Fig.   1a ) and that for pulse reverse plating with bipolar rectangular pulses (Fig. 1b) . In the former case we can define an on-time with a peak cathodic current of i = ip and duration ton followed by an off-time with a duration of toff and where i = 0. The total pulse time, T, is given by T = ton + toff and the duty cycle as  = ton/T. For pulse reverse plating we can define a peak cathodic current, ip, of duration ton followed by a reverse (anodic) current of i'p and duration trev. The pulse time is then T = ton + trev and the cathodic duty cycle is  = ton/T. It should be noted that all theoretical treatments of mass-transport effects in pulse plating assume perfect rectangular pulses, but in reality this may not be fully realised due to double layer charging/discharging effects or limitations of the pulse rectifier. 1, 2 As noted in the introduction, in 1980 Ibl 8 presented a mass transport model applicable to deposition using simple rectangular unipolar current pulses. He introduced the concept of a dual diffusion layer consisting of an inner pulsating diffusion layer of thickness p coupled to an outer static diffusion layer ( Figure 2 ). The outer concentration profile corresponds to the normal Nernst diffusion layer, with a corresponding steady state limiting current of iLIM. The inner concentration profile is associated with a pulse limiting current, ipLIM, which is the current density at which the surface concentration reaches zero at the end of the pulse ( Figure 2 ).
According to Ibl's model these quantities can be expressed by the following equations:
with Crucially, while  is controlled by the hydrodynamic conditions, p depends only on the pulse parameters ton and  and the diffusion coefficient, D, of the reacting species. Experimentally it is found that if either the steady-state, iLIM, or pulse limiting, ipLIM, are exceeded this results in a reduced current efficiency and the formation of rough or dendritic deposits. 10, 16 Therefore it is necessary to choose pulse parameters carefully in order to not exceed transient or steady-state mass transport conditions. 6, 17 An important question regarding these simplified models is whether they accurately describe the mass transport conditions under pulse plating conditions. In the case of rectangular current pulses it is possible to obtain numerical solutions without resorting to the approximations employed by Ibl. For example, both Cheh 
Results and Discussion
The main purpose of this paper is to evaluate the applicability of the duplex diffusion model to the case of pulse reverse plating by comparing Yin's approximate expression for the pulse reverse limiting current, irpLIM, to that calculated from the more accurate numerical solution. In the latter case we use an expression derived by Roy 24 increases. This is expected as larger anodic current pulses will increase the concentration of the reacting ions at the surface (see Figure 2b) . Therefore, in the subsequent cathodic pulse a larger current density will be required to reduce the surface concentration to zero at the end of the pulse. 13, 20 Figure 4 also indicates that Yin's equation provides a reasonably good agreement with the more accurate solution over a wide range of T* values. As was found for the unipolar case, the agreement is worse for T* > 1 and in some cases gave rise to unphysical results (e.g.
irpLIM < 1 or irpLIM < 0). An additional constraint on pulse reverse plating is the condition that the charge associated with the cathodic pulse must be larger than that associated with the anodic pulse if deposition is to be observed. 20, 24 This is reflected in the black dotted line in Figure 5 which defines the boundary between net deposition and dissolution. Notably, for  < 0.50 the region of practical deposition always occurs at T* < 1 and this is also the region where the duplex model shows the smallest deviations from the more accurate solutions.
The overall conclusions for the bipolar case are similar to those for the unipolar cases, in that the dual diffusion layer model employing Yin's equation is capable of predicting the pulse limiting current over a wide range of pulse conditions. For the original definition of p and the parameter space 0.001 < T* < 1, 0.01 <  < 0.50 and 0 < i'* < 5 the variation against the more accurate solution is 1 -30% with a mean error of 12%. For the corresponding revised definition of p the range is 1 -10% with a mean error of 4%. The latter result can be compared to a mean error of 3% in the unipolar case over a similar range of pulse conditions.
The main limitation of the simplified Ibl model in pulse and pulse reverse plating is undoubtedly the inaccurate predictions of mass transfer characteristics for long pulse durations (i.e. T* > 1). This is not entirely unexpected as the distinction between the pulsing and stationary diffusion layers becomes less reasonable at long times where essentially steady-state conditions prevail. Generally this is not an issue as pulse times are usually of the order of 0.01 -1 s, but in some implementations of pulse reverse plating very long (i.e. 1 -10 s) pulse cycles are employed. 14, 15 In these cases it would be more prudent to use Roy's or Chin's equation to calculate the pulse limiting current.
Conclusions
The application of Ibl's duplex diffusion layer model to the modelling of mass transport effects in pulse reverse plating has been investigated. Specifically, we have tested the accuracy of the equations derived by Yin for the pulse reverse limiting current density against the more accurate numerical solution provided by Chin [20] [21] [22] and Roy. 24 It was found that the revised model could accurately predict the pulse reverse limiting current density over a wide range of pulse conditions. Deviations from the numerical solutions were of similar magnitude to those calculated for normal pulse plating, and were typically less than 10%. from various models at a fixed duty cycle of  = 0.5. 
